A man's estimated risk of death from prostate cancer can help guide the selection of the best prostate-specific antigen (PSA) threshold for biopsy. Estimates of all-cause death (ACD) risk are limited to the population studied. Estimates of cancer-specific death (CSD) risk are more useful than ACD risk. There are two methods of estimating CSD risk: (1) using records of the cause of death, and (2) determination of relative survival, a method that removes other causes from ACD risk. Relative survival methods depend heavily on estimates of no-cancer death (NCD) risk rather than on judgment about cause of death; therefore, using relative survival methods to estimate CSD risk can be superior to relying on cause-of-death data based on judgment. Here, we present a novel approach to estimate NCD which allows us to then estimate the CSD risk when cause of death is unavailable. We use prostate cancer data gathered from over 14 million men and 33 million PSA tests at the United States Department of Veterans Affairs (VA). The VA maintains superb death record data for veterans, but lacks good records of cause of death. Therefore, relative survival methods are necessary to estimate CSD risk for VA data, which puts a premium on accurate estimates of NCD risk.
Introduction
We have developed prostate cancer relative-survival methods to estimate cancer-specific death (CSD) risk for large datasets that may not contain records of cause of death or may have only imperfect records. These novel methods are based on estimates of no-cancer death (NCD) curves. The estimation of the NCD curves uses a parameterized family of United States (US) survival and corresponding mortality curves to fit lower-bound NCD curves to the early years of all-cause death (ACD) curves for men in various age ranges with a low risk of prostate cancer death. Men with low Gleason
Why we need to obtain CSD
Estimates of the risk of death from prostate cancer are valuable for making screening decisions. For example, knowing a man's risk of death from prostate cancer and his life expectancy can guide the selection of the most appropriate PSA threshold for biopsy. Estimates of all-cause death (ACD) risk are limited to the population studied. Estimates of cancer-specific death (CSD) risk are more useful than ACD risk for comparing different ages, treatments, and other variables.
Two main methods of estimating CSD risk are possible: (1) using doctor records of the cause of death, and (2) relative survival methods that remove other causes of death from ACD risk. Because judgment is needed when terminal prostate cancer patients die from other apparent causes, cause-ofdeath records can be unreliable and are not generally available. Cause-ofdeath records can be excellent if carefully assessed as part of a major study, but can be problematic otherwise. Conceptually, the use of relative survival methods is preferable, because these methods do not depend on judgment; however, they depend heavily on estimates of no-cancer death (NCD) risk, which may be difficult to determine accurately in some situations.
Statistics literature review
The aim of this paper is to estimate CSD by first obtaining an estimate of NCD from available data and then removing the NCD from the ACD. A number of papers have described approaches for estimating the relative survival ratio and net survival. As pointed out in Perme, Stare, and Estève [16] , relative survival and net survival, while appearing to be similar, are different from each other. The first estimator proposed for estimating relative survival is the Ederer I estimator. This was followed by the Ederer II estimator which estimates net survival but is biased [16] . Hakulinen [9] proposed another estimator for the relative survival ratio which accounts for different patterns of withdrawal within subgroups by using "expected life tables" and recently an improved unbiased estimator of net survival was developed [16] .
In much of this work, an estimate of NCD is obtained from a general population-based source. While the population will include deaths from the cause of interest, it is assumed that number of deaths from any particular cause will be small, so that the population will provide a reasonable estimate of the death rate omitting the particular cause. Hakulinen and Tenkanen [10] show how a proportional hazards regression model may be adapted to obtain relative survival using generalized linear models. Estève et al. [6] use a maximum likelihood approach to estimate CSD that allows for the inclusion of covariates. Cronin and Feuer [4] estimate the cumulative crude causespecific probability of death using a relative survival approach, rather than using cause-of-death information, and apply their approach to localized prostate cancer in elderly men. Giorgi et al. [8] use B-splines to model nonproportional hazards in a relative survival model. Dickman et al. [5] use a regression model approach to estimate relative survival, while Stare et al. [21] also use a regression approach to obtain relative survival estimates, Estimating Prostate Cancer Relative Survival … 201 although for individuals. Pohar and Stare [17] provide a package of R [18] procedures (relsurv) to estimate relative survival for a number of models. Nelson et al. [14] use a flexible parametric model to estimate relative survival, and Hockey et al. [12] address generalizability of relative survival in longitudinal studies. Finally, Perme et al. [16] compare a number of estimators and provide an unbiased estimator of net survival (which is also available in the R package relsurv).
For relative-survival methods, the accuracy and robustness of CSD estimates depend on the appropriateness and reasonableness of the method used to obtain NCD for the population under consideration. Country of residence and age are starting points for defining the population from which to estimate NCD and may be appropriate in some circumstances. However, these variables are insufficient for NCD estimation in populations of men diagnosed with prostate cancer and especially not for men treated with surgery for prostate cancer. Healthier men tend to live longer. Men cared for by various health-care systems, including the VA, tend to be healthier than average men, some of whom may not be cared for by any healthcare system. As unhealthy men tend not to be screened and biopsied for prostate cancer, men diagnosed with prostate cancer tend to be healthier than average men. Further, the least healthy men tend not to be treated with surgery after diagnosis; therefore, men treated with surgery for prostate cancer tend to be healthier than men having no surgical follow-up after a prostate cancer diagnosis. Therefore, we would like a reference population from which to estimate NCD that closely matches the health levels and corresponding death risks of the population being analyzed. This article describes how we can estimate NCD using a subset of the actual population being analyzed that has very low risk of prostate cancer death in the early years after diagnosis. Once we have a suitable estimate of NCD, in this paper we use the Ederer I approach to estimate the relative survival ratio as a way of obtaining CSD.
Outline of manuscript
In Section 2, we describe the approach taken to estimate the no-cancer death curve which then allows us to obtain the cancer-specific death curve.
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Section 3 presents a validation of our approach using published data and demonstrations of the robustness of our approach to small deviations in the NCD estimate using published and VA data. Finally, Section 4 presents the conclusions drawn from this work.
Methods
We are interested in analyzing populations of men where death is recorded but cause of death is unavailable. Our goal is to estimate cancerspecific death curves ( ) increase the later years of ( ) t NCD enough to suggest the greater influence of cancer death. For example, we will show in the results section the indication by independent analysis that prostate cancer-specific death is negligible for the first 6 years following a diagnosis of low-risk cancer, and then gradually increases. We will also show for other data that the use of values of e t between 6 and 10 years results in nearly identical estimates of the ageappropriate family of
It is likely that men diagnosed and possibly treated for prostate cancer will be healthier than men in the general population. If these men were unhealthy and possibly near death, it is unlikely that they would be diagnosed or treated. Consequently, the data set will have initial survival that is better-than-expected from population data. To minimize the effect of this selection bias against unhealthy men possibly near death, we exclude from consideration the initial part of the survival and corresponding mortality curve in our estimation of the quadratic after the initial period. The initial linear portion is required because a quadratic through the origin does not always fit the early part of the curve sufficiently, due to the expected early lower risk of death, i.e., the y-intercept or offset of the best-fit polynomial will be negative. This fitted polynomial curve is extrapolated to obtain our estimate of ( ).
NCD t The final piecewise polynomial is given by: Because prostate cancer deaths are a very small fraction of overall US mortality, US mortality curves based on the US Life Tables [3] provide good estimates of ( ) t NCD curves for the first 10 or 15 years after diagnosis.
The shape of the NCD curve will change depending on the age of the group of people being considered. To ensure that the shape of the family of curves changes in a smooth fashion with age, the relationship of the A and B Estimating Prostate Cancer Relative Survival … 207 parameters of the quadratic in (2) are constrained to change together as a function of age. We use US Life Tables [3] to obtain expressions for the coefficients of 2 t and t (A and B) as functions of the US age group. Figure 1 shows the fit of quadratic curves to the cumulative all-cause US deaths for a number of beginning US ages. These quadratic curves fit the US mortality extremely well 
The coefficients A and B define the shape (curvature and slope) of the family of mortality curves.
To summarize, four steps are taken to estimate the ( ) t NCD curve for each age range:
1. The group with low risk of cancer is selected.
2. An initial DER is selected to determine the Kaplan-Meier segment considered in the estimation process.
3. Least squares methods are used to determine the best-fit parameters of equation (2) constrained by equation (3) . In practice, this means solving for the parameter USAge to determine A and B and for the parameter C to determine the offset.
4. The second and third steps may be repeated to help choose the most appropriate DER. 
Estimating a consistent family of NCD curves as a function of age
For any age range, such as 55-65 years, the average age (AAge) in the range may vary among cancer risk groups. For example, AAge may tend to increase as PSA increases. To deal with this variation in AAge for an age range, we have developed a process for estimating a consistent family of NCD curves as a function of age. It can be thought of as an NCD vs. time surface as a function of age. This process has the added benefit of using the results of all ranges to generate a "smooth" best estimate of a consistent family of NCD curves.
The process is very similar to the one used to constrain parameters A and B using USAge. For each age range, the quadratic parameters (A, B, and C) of ( ) We demonstrate, and later validate, our prostate cancer relative-survival method using results from a highly regarded article by Albertsen et al. [1] , MD, and colleagues published in 2005. The article estimates 20-year survival based on a competing risk analysis of men who were diagnosed with clinically localized prostate cancer and treated with observation or androgen withdrawal therapy alone, stratified by age at diagnosis and histological findings (Gleason score).
Gleason score is a measure of cancer aggressiveness that is estimated by a pathologist from cancer tissue samples obtained by biopsy. The article reports results for five Gleason score ranges: 2-4, 5, 6, 7, and 8-10, with 2-4 being the least aggressive and the least deadly. Albertsen supplies all-cause survival curves and curves for cancer death. Equation (1) was used to calculate no-cancer and cancer survival. No-cancer survival was used to calculate NCD for Albertsen. As an example, we consider the 55-59 years age range. The first step is to estimate the NCD curve as a lower bound to the Gleason score 2-4 ACD curve, as shown on Figure 2.
Our goal is to obtain an estimate of NCD from the early span of the lowest Gleason ACD curve that embodies very little risk of prostate cancer death. A variety of studies suggest the risk of prostate cancer death is very low for the first 6 years after diagnosis of low-risk prostate cancer [11, 7] . For example, in Figure 2 , the black doctor-determined CSD curve for lowrisk, Gleason 2-4 cancer is assumed to have negligible prostate cancer deaths in the first six years. (2) is not used.
Figure 2.
All-cause death, estimated no-cancer death, and cancer-specific death for men of 55-59 years of age and Gleason scores of 2-4 obtained from Albertsen et al. [1] . High-and low-sensitivity cases for NCD are also illustrated and will be used later for analysis of CSD sensitivity to variation in NCD.
Estimating CSD using NCD for a group with low risk of cancer death
The final step is estimation of CSD using equation (1) . We start with actual ACD for men diagnosed with Gleason score 7 from Albertsen et al. [1] (Figure 3) . We then use NCD estimated above for men with low risk of cancer death for Gleason 2-4 ( Figure 2 ). After translating actual ACD and estimated NCD into the corresponding survival functions, we use equation (1) to estimate prostate cancer survival and the corresponding estimated CSD for Gleason score 7 ( Figure 3) . All-cause death, actual and estimated no-cancer death, and actual and estimated cancer-specific death for men of 55-59 years of age and Gleason scores of 7 obtained from Albertsen et al. [1] . High-and lowsensitivity cases for NCD are also illustrated with corresponding variation in CSD shown.
Validating the prostate cancer relative-survival method vs. cause of death
There are two steps to the validation process: first, the NCD curve estimated from low-risk (Gleason score of 2-4) cancer (Figure 2 ) is compared to the actual NCD curve from Albertsen et al. [1] for Gleason score 7 ( Figure  3) . Second, the estimated CSD for Gleason 7 is compared to the actual CSD for Gleason 7 from Albertsen et al. [1] (Figure 3 ).
Evaluating robustness of the method using Gleason score
Sensitivity analysis is used to evaluate the robustness of the method for Gleason score. We start with NCD estimated above for men with low risk of cancer death for Gleason 2-4 ( Figure 2 ). We observe a small 0.2% difference between estimated and actual NCD. Then an extreme high case and an extreme low case are created for NCD that are 1.4% greater than and less than estimated NCD (Figure 2 ) The extreme cases were chosen to represent extreme upper and lower bounds on estimated NCD that have 7 times greater variation than the observed difference. Visual inspection of the extreme cases on Figure 2 suggests that the estimation method presented is highly unlikely to produce such extreme results because minimization of the sum of the squared deviations will "pull" estimated NCD closer to the first six years of the actual low-risk ACD curve.
To assess robustness of the method for Gleason data, extreme sensitivity cases for CSD are estimated for Gleason 7 using the extreme high and low sensitivity cases for NCD defined above. The extreme estimated CSD cases are then compared with actual CSD for Gleason 7 (Figure 3 ).
Estimating NCD using ACD for a group with low risk of cancer death
We demonstrate and later show the robustness of our prostate cancer relative-survival method using results from our analysis of VA data. The first step is to estimate the NCD curve as a lower bound to the ACD curve, as shown in Figure 4 on an expanded scale graph. A range of values for s t from 0 to 3 years was tested with negligible effect. s t was set equal to 1.0. The full version of the quadratic function is needed (with linear period): All-cause death and estimated no-cancer death for men of 55-65 years of age and PSA levels 4-6 obtained from VA data. A low-sensitivity case for the NCD curve is also illustrated and will be used later for sensitivity analysis of CSD to variation in NCD.
Estimating CSD using NCD for a group with low risk of cancer death
The final step is estimation of CSD using equation (1) . We start with actual ACD for men diagnosed with PSA 12-20 ( Figure 5 ). We then use NCD estimated above for men with low risk of cancer death for PSA 4-6 ( Figure 4) . After translating actual ACD and estimated NCD into the corresponding survival functions, we use equation (1) to estimate prostate cancer survival and the corresponding estimated CSD for PSA 12-20 ( Figure  5 ).
Figure 5.
All-cause death for men of 55-65 years of age and PSA levels 4-6 and 12-20 and estimated no-cancer death from men of PSA levels 4-6 obtained from VA data. The low-sensitivity case for NCD is also illustrated and will be used later for analysis of CSD sensitivity to variation in NCD.
2.12.
Evaluating robustness of the method using VA data for PSA Sensitivity analysis is used to evaluate the robustness of the method for PSA. We start with NCD estimated above for men with low risk of cancer death for PSA 4-6 ( Figure 4) . Then an extreme low case is created for NCD (Figure 4 ). The extreme case was chosen to represent an extreme lower bound on estimated NCD. Visual inspection of the extreme cases on Figure 4 suggests that the estimation method presented is highly unlikely to produce such extreme results because minimization of the sum of the squared deviations will "pull" estimated NCD closer to the first six years of the actual low-risk ACD curve.
To assess robustness of the method for PSA data, the extreme sensitivity case for CSD is estimated for PSA 12-20 using the extreme low sensitivity case for NCD defined above. The extreme estimated CSD case is then compared with actual CSD for PSA 12-20 ( Figure 3 ).
For prostate cancer screening decisions, the increase in cancer death risk from one PSA level to another is often more important than the level of death risk. In these cases, the sensitivity of the difference in CSD for two different PSA levels is an important measure of robustness. We calculate the change in the difference between CSD curves for PSA levels 4-6 and 12-20 for the best estimate and low estimate of CSD.
Results
Two data sets are used to show how our prostate cancer relative-survival methods are applied, to validate their accuracy, and to demonstrate their robustness.
Validating the prostate cancer relative-survival method vs. cause of death
We validate our procedure by applying it to the published data in Albertsen et al. [1] . For ages 55-59 years and a Gleason score of 7, Figure 3 shows how well the estimated NCD curve (black dots) matches the actual NCD curve (calculated from Albertsen et al. [1] ; solid light gray). Figure 3 also shows the very close match between the estimated CSD curve (gray dots) and the actual CSD curve (calculated from Albertsen et al. [1] ; solid black). Figure 3 also shows the very close match between the estimated CSD curve (gray dots) and the actual CSD curve (calculated from Albertsen et al. [1] ; solid black) and the surprisingly good fits of the other CSD curves (light gray dots) based on the high-and low-sensitivity cases for the NCD curve. Our prostate cancer relative-survival method is very robust, because unreasonably extreme variation in the estimates of NCD leads to very little variation in estimated CSD. For the best estimate of NCD, the CSD 2 R is 0.9997. CSD 2 R is 0.9977 for the high-sensitivity case for NCD and 0.9981 for the low-sensitivity case for NCD.
Evaluating robustness of the method using Gleason score

Applying the prostate cancer relative-survival method to VA PSA data
For the VA data, date of death is available. We censor subjects still alive at the end of 2013 when more recent data is not available. For the best estimate of NCD on Figure 5 , DER is 6 years starting at 0 = ts and ending at . 6 = te
The results are very insensitive to changes in ts and insensitive to te for values near 6.
Based on VA data, Figure 5 shows ages 55-65 years Based on VA data, Figure 6 shows the estimated ( ) t CSD curves with ( ) t NCD removed using our relative-survival methods based on the best estimate of ( ).
NCD t Figure 6 . Estimated cancer-specific death for men of 55-65 years of age and PSA levels 4-6 and 12-20 from VA data.
3.4.
Evaluating the robustness of the method using VA data for PSA On Figure 5 , the solid gray curve shows the extreme low-sensitivity case Estimating Prostate Cancer Relative Survival … 217 ( ) t NCD curve used to evaluate robustness. The extreme nature of the case is discussed below in Section 3.5.
To evaluate robustness, the extreme low-sensitivity case NCD curve is used to estimate corresponding CSDs for both PSA levels 4-6 and 12-20. CSD results for PSA 4-6 are shown by the lower pair of curves on Figure 6 . sensitivity CSD curves at their maximum values are calculated to measure robustness of the procedure. CSD for the extreme low-NCD sensitivity case, compared to the best estimate, increases by only 0.96% of a point for the PSA level 12-20 CSD curves. The robustness of the method increases with faster progressing cancers, either higher Gleason score or higher PSA at diagnosis. Faster progressing cancers create higher CSD, and higher CSD is less sensitive to estimation error in NCD because of the relative magnitudes. The bigger CSD the less sensitive it is in percentage terms to variation in NCD.
The difference between the PSA levels 4-6 and 12-20 CSD curves is also assessed for the best estimates and low sensitivity cases. At the maximum values of the CSD curves, the difference between high and low PSA levels is 20.45% using the best estimate of NCD and 20.28% using the low-sensitivity case for NCD. The decrease in the difference is only 0.17% of a point using the low sensitivity cases rather than the best estimates.
Assessing the reasonableness of the low-sensitivity VA case for NCD
The previous section demonstrated the robustness of the cancer-specific death curves to substantial downward error in the estimate of the no-cancer death curve. In this section, we present evidence that suggests the lowsensitivity case for NCD is unreasonably low, which suggests that the practical robustness of the method is even greater than suggested in the previous section. On Figure 7 , estimated CSD 6 years after biopsy is 0.1% using the best estimate NCD. The low-sensitivity case for NCD implies a 0.6% cancer death rate 6 years after diagnosis, as shown by the black arrows on Figure 7 , in addition to a 6.1% no-cancer death rate. At 6 years, ACD = 6.7%, NCD = 6.0%, and CSD = 0.6%. These results imply that 9.0% of total deaths are caused by prostate cancer (0.6%/6.7%) for men aged 55-65 years who are diagnosed with low-risk prostate cancer with PSA levels of 4-6. This percentage (9.0%) is implausibly high for men with low-risk prostate cancer who are typically treated with surgery or radiation.
The corresponding Albertsen et al. [1] results for low-risk cancer (measured by a Gleason score of 2-4) imply that, for men not treated with surgery or radiation, less than 1% of total deaths are caused by prostate cancer 6 years after diagnosis. Alternatively, analysis of studies of Johns Hopkins prostate cancer patients treated with surgery by Han et al. [11] and Freedland et al. [7] , suggest that much less than 1% of total deaths are caused by prostate cancer 6 years after diagnosis with a PSA level of 4-6. The logic is simple: the chance of prostate cancer recurrence in the first few years after diagnosis and treatment is low for men with PSA levels of 4-6, and subsequent death in the following few years is rare; prostate cancer seldom leads to very rapid progression to death. Consequently, the probability of prostate cancer death in the first 6 years after diagnosis and treatment is extremely low, with simulations showing a probability of much less than 0.5% of all deaths. Therefore, the low-sensitivity case for NCD is extremely and unreasonably low, and our method is even more robust than suggested in the previous section. For men of 55-65 years of age and PSA levels 4-6, all-cause death, best estimate, and low-sensitivity case for no-cancer death and cancerspecific death, with arrows at 6 years showing no-cancer death (gray) and cancer death (black).
Conclusions/Discussion
Estimates of cancer-specific death are useful for clinical decisions and for comparisons of groups where the underlying no-cancer risk of death may vary (by age, treatment, etc.). However, cancer as a cause of death is often unavailable or unreliable in very large populations, such as from the VA, that otherwise offer the opportunity for invaluable analysis.
Relative-survival methods to estimate cancer-specific death using appropriate age-adjusted estimates of no-cancer death are described. Nocancer death curves are estimated using data from the early years of groups of men of a specific age range who have very low risk of death from prostate cancer. These low-risk groups are identified by either low Gleason scores from the pathological analysis of tumors, or low levels of the PSA biomarker prior to diagnosis. The parameters of the quadratic no-cancer death curves are constrained to reasonable relationships using an analysis of US survival and corresponding mortality curves. Finally, a consistent family of no-cancer death curves is estimated as a function of age using an analysis of a series of sometimes overlapping age ranges. The consistent family of curves provides estimates of no-cancer death as a continuous function of age and time, and considers all age ranges together to smooth out minor sampling variation for various age ranges. The consistent family of curves as a continuous function of age is useful because the average age may vary among groups with the same age range.
These methods have been shown to be very accurate when validated using previously published results from a highly regarded study of prostate cancer death with careful determination of cause of death Albertsen et al. [1] . These methods have been shown to be very robust when evaluating that study population, as well as the VA population of interest. By "robust", we mean that a range of plausible sensitivity cases of no-cancer death curves causes negligible changes in the corresponding cancer-specific death curves and even less change in the differences among the corresponding cancerspecific death curves. These accurate, robust, and practical new methods open up valuable new opportunities for analysis of large populations where cause of death is not available or not reliable.
